The Mcs6 CDK together with its cognate cyclin Mcs2 represents the CDK-activating kinase (CAK) of fission yeast Cdc2. We have attempted to determine complexes in which Mcs6 and Mcs2 mediate this and possible other functions. Here we characterize a novel interaction between Mcs2 and Skp1, a component of the SCF (Skp1-Cullin-F box protein) ubiquitin ligase. Furthermore, we identify a novel protein termed Pmh1 through its association with Skp1. Pmh1 associates with the Mcs6-Mcs2 complex, enhancing its kinase activity, and represents the apparent homolog of metazoan Mat1. Association of Mcs2 or Pmh1 with Skp1 does not appear to be involved in proteolytic degradation, as these complexes do not contain Pcu1, and levels of Mcs2 or Pmh1 are not sensitive to inhibition of SCF and the 26S proteasome. The identified interactions between Skp1 and two regulatory CAK subunits may reflect a novel mechanism to modulate activity and specificity of the Mcs6 kinase.
Cyclin-dependent kinases (CDKs) function as critical regulators of cell cycle progression and transcription, and associate with their cognate cyclins to form larger complexes through which the functions of the CDKs are regulated. In fission yeast Schizosaccharomyces pombe Mcs2 represents the cognate cyclin of the Mcs6 CDK [1] [2] [3] . Both mcs6 and mcs2 were first identified as mutant alleles (mcs6-13 and mcs2-75) capable of suppressing a mitotic catastrophe resulting from a hyperac-tive Cdc2 in a cdc2-3w wee1-50 double mutant strain [4] . mcs6-13 and mcs2-75 displayed allele-specific interactions with cdc2 [4] consistent with a role as direct positive regulators of Cdc2 [4] . Indeed, the Mcs6-Mcs2 complex is able to directly phosphorylate the T-loop activation site on Cdc2 [5] . Mcs6 also activates Cdc2 in vivo [6, 7] , and thus represents a CDK-activating kinase (CAK) in fission yeast.
The regulation of Mcs6 and Mcs2, and their associated proteins is however poorly characterized. In metazoans, Cdk7 and cyclin H represent homologs of Mcs6 and Mcs2, and are tightly associated with a third subunit Mat1 [8] [9] [10] . Cdk7 represents the only characterized in vivo CDK-activating kinase in metazoans [11, 12] . In biochemical fractionations Cdk7, cyclin H, and Mat1 have been identified in a low molecular weight complex or as part of the general transcription factor TFIIH [9, 13] . Furthermore, the lower molecular weight complex is sometimes found as a trimer and sometimes associated with the Xpd subunit of TFIIH [13] . As part of TFIIH, Cdk7 can phosphorylate the carboxyl terminal domain (CTD) of the large subunit of RNA polymerase II (reviewed in [14] ) as well as other transcription factors (reviewed in [15] ), and is thought to be involved in regulation of transcription in vivo [12, [16] [17] [18] . The ability of Mcs6 immunocomplexes to also phosphorylate RNA Pol II CTD in vitro [2, 3] suggests that this function could also be operational in fission yeast.
In budding yeast Saccharomyces cerevisiae Kin28 and Ccl1 represent the homologs of Mcs6/Cdk7 and Mcs2/ cyclin H, and associate tightly with the Mat1 homolog Tfb3 [19, 20] . In budding yeast these proteins have been identified in both trimeric complexes and as part of TFIIH [21, 22] , but unlike in metazoans and in fission yeast, the Kin28 kinase is apparently not a CAK [23, 24] . Conditional alleles of Kin28 [19, [23] [24] [25] [26] , CCL1 [27] , and TFB3 [19] demonstrate a dramatic shutoff of the majority of RNA Pol II transcripts at the restrictive temperature, hence these proteins are of importance in transcriptional regulation in vivo.
Thus, Cdk7 homologs have been implicated as positive regulators of RNA Pol II transcription in all analyzed species and as CAKs in metazoans and fission yeast. The transcription function is presumed to be mediated as part of TFIIH, but the contribution of the different Cdk7 complexes to the CAK functions and the regulation of complex formation has not been characterized, except indirectly in Drosophila, where manipulation of Xpd levels regulates CAK activity [28] . This was suggested to be mediated through regulation of complex formation [28] . To identify potential novel reg-ulatory mechanisms affecting Mcs6 and Mcs2 functions we have searched for proteins interacting with this complex. Here we describe interactions between fission yeast Skp1 and both the Mcs2 cyclin as well as with the fission yeast Mat1 homolog.
Experimental procedures
Yeast strains, media, and techniques. All standard protocols for fission yeast were described previously [29] . The budding yeast strains used for the two-hybrid screens were EGY48: a, URA3, 6LexAop LEU2, his3-, trp1-, URA3::pSH1834 [30] , and Mav203: a, ade2-101, ura3D, leu2-3, lys2-801, trp1-D63, Dgal4 Dgal80, SPAL::URA3, GAL1-LacZ, GAL1-HIS3 [31] . The Mcs2 yeast two-hybrid screen was performed essentially as described [32] using Mcs2-pEG202 as bait against a fission yeast cDNA library (a kind gift of V. Damagnez) in pJG4-5. The Skp1 two-hybrid was performed according to manufacturerÕs protocol (Matchmaker, Clontech) using Skp1-pPC87 against a fission yeast cDNA library (a kind gift of S. Elledge) in pACT2. A list of all fission yeast strains used in this study is presented in Table 1 .
Budding yeast expression vectors. LexA-Mcs6, LexA-Mcs2, and B42-Mcs2 were expressed in budding yeast from the pEG202 and pJG4-5 vectors, respectively [3] . To generate skp1-pJG4-5, the skp1 ORF was amplified by PCR with the following primers: ACG-CGT-CGA-CGG-ATC-CGA-ATT-CAC-CAT-GTC-CAA-AAT-CAA-ACT-GAT-TTC-ATC-T and TCC-CCC-GGG-CTC-GAG-CTA-TC T-GTC-TTC-GGC-CCA-TTC-AAT. The PCR product was purified and digested with EcoRI (bold) and XhoI (bold), and cloned in pJG4-5. To generate skp1-3-pJG4-5, the Quickchange kit (Stratagene) was used with the following primers TCG-GAA-AAC-ATT-CAA-CAA-CCC-TAA-TGA and TCA-TTA-GGG-TTG-TTG-AAT-GTT-TTC-CGA according to the manufacturerÕs instructions. Inserts generated by PCR were verified by direct sequencing.
Fission yeast expression vectors. Expression vectors used in fission yeast are based on two vectors: pREP3 [33] and pAAUN [34] . Mcs2-pAHA has been described [35] . To generate a myc-tagged version of Skp1, the skp1 gene was amplified using fission yeast genomic DNA as template and the following primers: 5 0 -CCG-CTC-GAG-ACC-ATG- GAA-CAG-AAG-CTG-ATC-AGC-GAA-GAG-GAC-CTG-TCC-AAA-ATC-AAA-CTG-AT-3 0 where the ATG of the myc tag is underlined and 5 0 -GCA-CAC-GGA-TCC-CTA-TCT-GTC-TTC-GGC-CCA-TT. The XhoI-BamHI (bold) digested fragment was cloned in pREP-3 digested with SalI-BamHI. The insert of the resulting construct was verified by direct sequencing. pmh1 cDNA was amplified from a fission yeast cDNA library (a kind gift from L. Guarente) using 2 oligonucleotides 5 0 -C-GAA-TTC-AGA-AAG-ATG-GAC-GAT-GAA-3 0 and 5 0 -TGC-GGC-CGC-GGA-TCC-CTC-GAG-CTA-ACT-TGC-TAC-TTC-AAG-TTT-TTT-G-3 0 , and subcloned as EcoRI-XhoI (bold) fragment into pYF (a kind gift of Nina Korsisaari), a derivative of pYES2 (Invitrogen) containing a FLAG-tag (MDYKDDDDK) sequence between HindIII-EcoRI. FLAG-pmh1-pREP3 results from the transfer of the FLAG-pmh1 (SalI-XhoI) fragment from pmh1-pYF. The insert of the resulting construct was verified by direct sequencing.
Generation of FLAG-pmh1 baculovirus. A BglII-XbaI fragment of pmh1/pYF containing FLAG-pmh1 was cloned into pVL1392 (Pharmingen). The resulting plasmid was introduced into Sf9 insect cells together with BaculoGold (Pharmingen) baculovirus DNA as recommended by the manufacturer. Mcs6 and Mcs2 baculoviruses have been described elsewhere [6] .
Deletion of pmh1. In order to replace the pmh1 gene by the ura4+ marker, 2 PCR fragments corresponding to 5 0 (PCR1: 662 bp) and 3 0 (PCR2: 345 bp) regions flanking pmh1 were generated using four oligonucleotides. PCR1: 5 0 -TTG-ACG-AAT-TCA-TCC-AGC-CT-3 0 (genomic EcoRI site in bold) and 5 0 -CCC-AAG-CTT-CGT-CCA-TCT-TTC-TTT-TAT-AG-3 0 (added HindIII site in bold). PCR2: 5 0 -CCC-AAG-CTT-TCT-TGC-TTT-AAT-GCT-CTC-AAC-A-3 0 (added HindIII site in bold) and 5 0 -CACA-TGG-GAT-CCA-CAA-AGA-TT-3 0 (genomic BamHI in bold). EcoRI-HindIII digested PCR1 and HindIII-BamHI digested PCR2 were cloned in EcoRI-BamHI opened pUC18, and subsequently ura4+ was inserted as a HindIII fragment from pAAUN. The 2800 bp EcoRI-BamHI fragment was used to transform the diploid fission yeast strain h À /h + ade6-216/ade6-210 ura4D18/ura4D18 leu1-32/leu1-32 his3-D1/his3-D1. Stable integrants were selected on minimal media lacking uracil and genomic DNA was subjected to Southern blotting analysis with 5 0 and 3 0 pmh1 probes. Integrants at the right locus were sporulated and used for tetrad dissection.
Construction of tagged versions of CAK subunits. The Mcs6-TAP and Mcs2-TAP strains were generated as described previously [36, 37] . The sequence of the primers is available upon request. The Pmh1-TAP strain has been described elsewhere [38] . The Mcs2-3HA strain was a kind gift from Beach [1] .
Affinity purifications from yeast cells, Western blotting. Soluble protein extracts were prepared from log phase cultures as described [6] . For immunoprecipitations of FLAG-pmh1 2 ll of anti-FLAG (M5 monoclonal antibody, Eastman Kodak) and 10 ll (bead volume) of protein A-Sepharose were added to 200 lg of total protein. For IgG affinity precipitation of TAP-tagged proteins 20 ll of IgG-agarose (Sigma A2909) was added to 1 mg of soluble total extracts. Proteins were separated by 10% SDS-PAGE and subsequently transferred to nitrocellulose membranes. Western-blotting analysis using anti-HA (12CA5 monoclonal antibody, Babco, Berkeley, CA), anti-myc (9E10 monoclonal antibody, Babco, Berkeley, CA), PAP (peroxidase antiperoxidase soluble complex, Sigma P2026) or anti-FLAG (M5 monoclonal antibody, Eastman Kodak) was performed according to the manufacturer (ECL, Amersham). The rabbit polyclonal Mcs6 and Mcs2 antisera have been described [35] .
For the analysis of protein levels in time-course experiments, boiled extracts were prepared. For each sample, 1 mM NaN 3 was added to the culture and cells were quickly harvested by centrifugation at 4°C. STOP buffer [39] was added and cells were harvested again at 4°C. The pellet was resuspended in 200 ll HB buffer [39] and cells were boiled for 6 min. Cells were broken with 1.5 ml of acid washed glass beads and the lysate was recovered by centrifugation. Anti-tubulin (Sigma) was used as a loading control.
Recombinant protein expression and purification. Young) proteins were purified as described [3, 35] .
Kinase assays. Kinase assays for immunoprecipitates from fission yeast cells were performed as described [35] .
b-Galactosidase assay. The assay was performed according to the protocol described in the Clontech Matchmaker two-hybrid kit.
Results and discussion

Identification of Skp1 as an Mcs2-associating protein
We recently reported on the identification and characterization of the fission yeast Skp1 [40] , an essential subunit of the Skp1-Cullin-F box protein (SCF) ubiquitin ligase [40, 41] . The original identification of Skp1 was made in a yeast two-hybrid screen using the Mcs2 (LexA-Mcs2) cyclin as bait (Fig. 1) . The isolated partial cDNA (clone c57) encodes the C-terminal 118 amino acids of Skp1 and activates both LEU2 and lacZ reporters in a yeast two-hybrid assay (Fig. 1A) . To further characterize this interaction, we compared the strength of the interaction between Mcs2 and full length Skp1 to the interaction between Mcs2 and its cognate CDK, Mcs6, using a quantitative b-galactosidase assay ( 
Identification of Pmh1 as a Skp1-associating protein
Subsequently we performed a second yeast two-hybrid screen using Skp1 as bait. The quality of this screen was evidenced by the identification of several F-box proteins (our unpublished data) consistent with what one might expect from a SCF subunit. Interestingly, we also identified a full-length cDNA predicted to encode a fission yeast protein with significant similarity to mammalian Mat1 (mouse; gi19860537, 35%) and budding yeast Tfb3p (gi1778061, 41%). The predicted protein consists of 318 amino acids, encoded by a split gene with five introns. Furthermore, it represents the only gene in fission yeast protein with any significant homology to Mat1. Therefore, we designated the gene pmh1 (for pombe mat1 homolog; GenBank Accession No. AF191500). A multiple sequence alignment (Fig. 1C) with Mat1 homologs from mouse (gi19860537) and budding yeast (gi1778061) reveals a strong conservation in the N-terminal part corresponding to a RING finger domain implicated in ubiquitin-mediated proteolysis in several other proteins. In summary, these results demonstrate a strong and specific interaction between the SCF subunit Skp1 and the Mcs2 cyclin, and also identify an association between Skp1 and Pmh1, the apparent fission yeast Mat1 homolog.
Pmh1 is the Mat1 homolog of fission yeast and activates the Mcs6 kinase
To investigate whether pmh1 encodes an essential gene, we replaced one genomic copy of pmh1 with the ura4 + marker in diploid cells. Subsequent sporulation and tetrad analysis demonstrated that pmh1 is an essential gene as determined by the formation of only two viable spores ( Fig. 2A ). Furthermore, Pmh1 was found to associate with a Mcs6-Mcs2 complex in insect cells infected with Mcs6, Mcs2, and FLAG-Pmh1 baculoviruses as seen by co-immunoprecipitation of FLAG-Pmh1 with anti-Mcs6 antibodies (Fig. 2B ). In addition, the presence of Pmh1 in the complex was found to efficiently enhance the kinase activity of Mcs6 (Fig. 2B) . These results indicate that fission yeast Pmh1 is functionally similar to its metazoan counterparts in its ability to bind to and enhance the activity of the Mcs6 kinase complex. In addition, Pmh1 immunoprecipitates from fission yeast cells were found to associate with a strong CTD kinase activity (Fig. 2C ). This suggests that the Pmh1 immunoprecipitation could contain other fission yeast TFIIH subunits [38] . These observations together with the demonstration that T-loop phosphorylation of Mcs6 is not essential [6] are consistent with a model where association of Pmh1 with the Mcs6 CDK and Mcs2 cyclin alleviates the requirement of T-loop phosphorylation as observed in other species [8, 9, 21, 42] , and that Pmh1 represents the Mat1 homolog in fission yeast.
Interactions between Mcs2 and Pmh1 with Skp1 exclude Mcs6 in fission yeast cells
In order to test if Skp1 associates with Mcs2 and Pmh1 in fission yeast we next analyzed their interaction in affinity co-precipitations from soluble protein extracts of fission yeast cells. Soluble protein extracts from strains expressing either Mcs2 or Pmh1 with C-terminal TAP tags at their endogenous locus (Mcs2-TAP and Pmh1-TAP, respectively) and myc-Skp1 were used in TAP-tag affinity precipitation (by IgG-Sepharose). As we were unable to generate a tagged version of Skp1 at the genomic locus we used an ectopically expressed N-terminal myc-tagged Skp1 (myc-Skp1). The failure to obtain viable integrants of a C-terminal tagged version of Skp1 is likely due to the fact that the C-terminal domain of human Skp1 has been shown to make extensive contacts with the Skp2 F-box protein [43, 44] and interference with this motif could lead to a loss of function allele. myc-Skp1 was functional as determined by its ability to complement the ts lethal skp1-3 mutant strain (data not shown). myc-Skp1 co-purifies both with Mcs2-TAP (Fig. 3A) and Pmh1-TAP (Fig. 3B ) thus extending the Skp1-Mcs2 and Skp1-Pmh1 two-hybrid interactions to fission yeast cells.
In order to examine if the observed interactions would also extend to the Mcs6 kinase subunit of CAK we performed the identical analysis in a Mcs6-TAP strain (C-terminal TAP tag at the endogenous locus). Surprisingly Mcs6-TAP was not able to co-purify myc-Skp1 ( Fig. 3C ), suggesting that the Skp1 interaction excludes the trimeric CAK complex. This suggests that the complexes between Mcs2, Pmh1, and Skp1 could either have functions of their own or could be a way to regulate availability of these subunits in the assembly of active kinase complexes. However, we cannot exclude the possibility that the experimental approach used was selective against detection of the Mcs6-containing complex.
The F-box motif is required for the interaction of the F-box family of proteins with Skp1. However, we could not detect the presence of a F-box motif in Mcs2 or Pmh1 two proteins by computational analysis of Mcs2 and Pmh1 primary sequences using PFAM [45] and MOTIF [46] . Indeed, Skp1 has been found to interact with proteins without observed F-box motifs in some non-SCF complexes [47] , implying that the presence of a F-box is not an absolute requirement for Skp1 interactions.
Fission yeast CAK regulation by proteasomedependent proteolysis
As Skp1 is a core component of the SCF ubiquitin ligase complex responsible for targeting a wide range of proteins in cell cycle regulation (reviewed in [48, 49] ) and signal transduction [50] for proteolysis by the 26S proteasome, we examined the possibility that Skp1 targets CAK subunits to proteolysis. We followed the levels of all three CAK subunits in Skp1 (skp1-3 [40] ) or proteasome (mts3-1 [51] ) temperature sensitive mutants, where known targets (Cdc18 and Cig2) of SCF-mediated ubiquitinylation and proteolysis accumulate at the restrictive temperature [52] [53] [54] [55] . Total levels of HA-Mcs2, Pmh1-TAP, and Mcs6-TAP were followed by Western blot (anti-Ha or PAP; see Materials and methods) in wild type, skp1-3 or mts3-1 mutant strains after shift to restrictive temperature (Figs. 4A-C). None of the CAK subunits showed accumulation after prolonged incubation at the restrictive temperature. When small differences were observed, they reflected variations in loading by comparison with an anti-tubulin loading control (data not shown). Similar results were obtained using another proteasome mutant (mts2-1 56 and data not shown). Thus, somewhat unexpectedly these experiments did not provide evidence supporting the notion that Skp1 targets Mcs2 or Pmh1 to proteolysis.
Interactions between Mcs2 and Pmh1 with Skp1 exclude the SCF cullin Pcu1
As the interaction between Mcs2, Pmh1, and Skp1 did not reflect SCF-dependent regulation, we tested the capacity of Pcu1 [57] , the scaffold protein in SCF, to interact with Mcs2 and Pmh1. Three strains were generated expressing both Pcu1 with a myc-tag at the C-terminus (Pcu1-13myc, a kind gift of Tanaka [58] ) and TAP-tagged Mcs6, Mcs2, or Pmh1 at their respective endogenous loci. Interaction analysis was performed by TAP-tag affinity precipitation (by IgG-Sepharose) of the CAK subunits and subsequent detection of associating myc-Pcu1 by Western blot using anti-myc antibodies (Figs. 5A-C). myc-Pcu1 was absent in all CAK subunit purifications, while a robust interaction can be seen in co-immunoprecipitation of Skp1 and Pcu1 (data not shown). This demonstrates that the SCF complex is not binding the Mcs2 or Pmh1, supporting the lack of stabilization of the three CAK subunits in the skp1-3 and mts3-1 mutants (Fig. 4) .
The data presented here identify a novel Skp1 association with Mcs2 and Pmh1 that appears to be SCF-independent both in respect to subunit composition and absence of SCF dependent proteolysis. This is interesting as Skp1 functions not only as part of SCF but also plays a role as a regulator of a variety of complexes and functions including cell separation [40] , recycling of proteins from the plasma membrane [59] , and the assembly of vacuolar ATPases [47, 60] apparently independently of SCF. Furthermore, our data suggest a potential new regulatory mechanism of Mcs2 and Pmh1 that could selectively regulate the distribution of these CAK subunits amongst the various cellular subcomplexes such as the trimeric versus TFIIH-associated forms of Mcs6. In future studies it will be of interest to investigate if this interaction between the regulatory CAK subunits and Skp1 is conserved in higher eukaryotes and in budding yeast. Fig. 5 . CAK subunits do not interact with the Pcu1 cullin. Strains expressing Pcu1-13myc, Mcs2-TAP or both were lysed and the soluble extract was used for affinity precipitation on IgG-agarose. Precipitated proteins were resolved on SDS-PAGE and subsequently transferred to nitrocellulose membrane and detected with PAP or anti-myc antibodies. As control, the full lysate was resolved on SDS-PAGE and probed with anti-myc antibodies. (B) Co-affinity precipitation was performed as in (A), with strains expressing either Pcu1-13myc, Pmh1-TAP or both as indicated. (C) Co-affinity precipitation was performed as in (A), with strains expressing either Pcu1-13myc, Mcs6-TAP or both as indicated.
